Micro-Raman Thermometer for CO
Raman spectra of CO 2 fluids were measured at 288-329 K and densities of 0.81-1.16 g/cm 3 . The peak area ratios of hot bands at 1265 and 1408 cm À1 and Fermi doublet peaks at 1388 and 1285 cm À1 were correlated linearly with temperature. The peak area ratios are correlated with density. Calculation of the relationship between the peak area ratio, temperature, and density was achieved. Micro-Raman analysis enabled in situ temperature measurement of CO 2 fluid with high spatial resolution.
Carbon dioxide condenses to liquid phase at 6.8 MPa at ambient temperature; it is supercritical at temperatures greater than 304.3 K and pressures greater than 7.4 MPa. Supercritical CO 2 is particularly useful for extraction of caffeine from coffee beans, washing of electrical devices, and other industrial uses. For such purposes, temperature control is a fundamental necessity. If micro-Raman spectroscopy were used to determine the CO 2 fluid temperature, noncontact, rapid, and in situ measurements with high spatial resolution could be realized. It is possible to determine the CO 2 fluid temperature by measuring the intensity ratio of the anti-Stokes/Stokes line. However, that method has insufficient precision around room temperature, 1, 2 even for supercritical conditions, because of the low intensity of the anti-Stokes line. The intensity of hot bands of Raman spectra of CO 2 increases concomitantly with increased temperature of CO 2 .
3 Moreover, the increase of hot bands is more sensitive to increasing temperature than the anti-Stokes line. Hot bands might enable measurement of the CO 2 fluid temperature in the low-temperature range. Nevertheless, density dependence has not been examined in previous studies. 3, 4 For the present study, we investigated the temperature and density dependence of hot bands and Fermi doublet peaks on the peak area ratio. Figure 1 shows a representative Raman spectrum of CO 2 (296.5 K, 24.1 MPa). Two peaks that are present at 1388 cm Fermi doublet. 5 Molecular CO 2 has four modes of vibration: a symmetric stretching mode ( 1 ), an antisymmetric stretching mode ( 3 ), and two degenerate bending modes ( 2a and 2b ). The 2 2 and 1 modes have nearly equal energies and identical symmetry species; they perturb each other in the excited state through Fermi resonance. 6 The two peaks with much lower intensity next to the Fermi doublet (1265 and 1408 cm À1 ; H.B.+ and H.B.À ) 7 are known as hot bands; they are also attributable to Fermi resonance between 1 þ 2 and 3 2 . 8 Their intensities are highly sensitive to the CO 2 temperature.
For this study, CO 2 fluids at temperatures of 288-329 K and densities of 0.81-1.16 g/cm 3 were generated in a high-pressure cell (PC-400 MS; Syn Corp.), which has two sapphire windows, a type-K thermocouple, and a pressure transducer connected to a digital gauge. The Raman spectra of the CO 2 fluids were obtained using a 30-cm single polychromator (250is; Chromex) equipped with an optical microscope (BX60; Olympus Optical Co., Ltd.), an Ar þ ion laser (514.5 nm, 5500 A; Ion Laser Technology, Inc.), and a charge-coupled device (CCD) camera (1024 Â 128 pixels, DU-401-BR-DD; Andor Technology). The Rayleigh line was removed using a holographic supernotch filter (HIPF-514.5-1.0; Kaiser Optical Systems, Inc.). The Raman shift was calibrated using a standard sample of naphthalene. The spectral resolution was 1.5 cm À1 ; each CO 2 peak was fitted to a Lorentzian curve to determine the areas and intensities precisely using the least-squares peak fitting method (GRAMS; Thermo Electron Corp. Figure 2 shows the peak area ratios of hot bands and Fermi doublet peaks ð½A H.B.+ þ A H.B.À =½A F.D.+ þ A F.D.À Þ versus temperature of CO 2 fluid at densities of 0.89 and 1.10 g/cm 3 . We used the ratio of summed intensities to reduce errors by increasing signal counts and to eliminate the density dependence on the peak intensity ratio. 9, 10 The constancy of the CO 2 fluid density was confirmed through separation of wavenumber between the Raman band of F.D.+ and F.D.À ( F.D.+ À F.D.À ; Delta), which increases with density. 9, 11 The dispersion of the density calculated from the Deltas was AE0:005 g/cm 3 (1; n ¼ 28). The peak area ratios of hot bands and Fermi doublet peaks were correlated linearly with temperature. Furthermore, the slopes of the lines depicted in Figure 2 are nearly equal to similar ones described in previous works. 3, 4 The relevant mathematical expressions for 1.10, 1.04, and 0.89 g/cm 3 are Figure 1 . Representative Raman spectrum of CO 2 . As shown, the four 12 CO 2 -origin peaks include two hot bands. respectively, where T is the absolute temperature. In this study, the lines' slopes were constant among densities; the intercepts were clearly dependent on the density. From previous studies, 3, 4 however, density dependence on the peak area ratio has not been reported. Figure 3 depicts the density dependence on the peak area ratio. With increasing density, the peak area ratio decreased. The relationship of ½A H.B.+ þ A H.B.À =½A F.D.+ þ A F.D.À and density can be described as
where D is the density in grams per cubic centimeter. Peak intensity ratios ð½I H.B.+ þ I H.B.À =½I F.D.+ þ I F.D.À Þ were correlated linearly with temperature and density. However, the temperature dependence does not resemble those of previous reported results. 3, 4 The peak intensity ratio might depend on specific conditions of devices such as pixel numbers of CCD cameras, slit widths, and groove numbers of optical gratings.
The temperature of a fluid with an ðA H.B.+ þ A H.B.À Þ= ðA F.D.+ þ A F.D.À Þ value of 0.090 was 316:7 AE 0:8 K, as calculated from eq 1, neglecting the density dependence. However, when the density dependence was considered, the obtained result differed by 11 K between 0.81 and 1.16 g/cm 3 . For that reason, the density dependence is believed to be an indispensable factor for calculating CO 2 fluid temperatures from Raman spectra.
Considering eqs 1-4, the CO 2 fluid temperature is described as 
where 1:04 Â 10 À3 in eq 5 is the average of the slopes of lines derived from eqs 1-3.
The CO 2 density is calculated using Raman band separation between F.D.+ and F.D.À .
9,11 The temperature of CO 2 fluid can be measured from a Raman spectrum using this relationship. The error values are AEð3:9{4:7Þ K. Micro-Raman analysis enables rapid in situ temperature measurement of CO 2 fluids with high spatial resolution (1 mm); by considering the density dependence, highly accurate measurements can be taken. 
